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ABSTRACT
While various codes exist to systematically and robustly find haloes and subhaloes in cosmo-
logical simulations (Knebe et al. 2011a; Onions et al. 2012), this is the first work to introduce
and rigorously test codes that find tidal debris (streams and other unbound substructure) in
fully cosmological simulations of structure formation. We use one tracking and three non-
tracking codes to identify substructure (bound and unbound) in a Milky Way type simulation
from the Aquarius suite (Springel et al. 2008) and post-process their output with a common
pipeline to determine the properties of these substructures in a uniform way. By using output
from a fully cosmological simulation, we also take a step beyond previous studies of tidal de-
bris that have used simple toy models. We find that both tracking and non-tracking codes agree
well on the identification of subhaloes and more importantly, the unbound tidal features as-
sociated with them. The distributions of basic properties of the total substructure distribution
(mass, velocity dispersion, position) are recovered with a scatter of ∼ 20%. Using the track-
ing code as our reference, we show that the non-tracking codes identify complex tidal debris
with purities of∼ 40%. Analysing the results of the substructure finders, we find that the gen-
eral distribution of substructures differ significantly from the distribution of bound subhaloes.
Most importantly, both bound and unbound substructures together constitute ∼ 18% of the
host halo mass, which is a factor of ∼ 2 higher than the fraction in self-bound subhaloes.
However, this result is restricted by the remaining challenge to cleanly define when an un-
bound structure has become part of the host halo. Nevertheless, the more general substructure
distribution provides a more complete picture of a halo’s accretion history.
Key words: methods: N-body simulations – galaxies: haloes – galaxies: evolution – cosmol-
ogy: theory – dark matter
1 INTRODUCTION
A series of papers have been devoted to comparing the results of
various (sub)halo finders on the same data sets (Knebe et al. 2011a;
Onions et al. 2012; Knebe et al. 2013a,b). As a first paper of its
kind, this work introduces and compares systematic ways of find-
ing tidal debris from disrupted subhaloes in fully cosmological sim-
ulations. The motivation for this study is quite simple: a wealth of
information has been extracted from studies of subhaloes in cos-
mological simulations (e.g Moore et al. 1999; Gao et al. 2004; Gill
? pelahi@shao.ac.cn
et al. 2005; Springel et al. 2008; Diemand et al. 2008; Stadel et al.
2009; Elahi et al. 2009; Libeskind et al. 2010; Knebe et al. 2011b;
Gao et al. 2012). The growing need for reliable and fast analysis
tools of N-body simulations has led to a surge in the number of
(sub)halo finders available. Subhaloes, however, are not the only
substructures present in haloes. A halo’s tidal field will distort and
destroy subhaloes. These disrupted substructures leave behind dy-
namically distinct tidal streams and shells, which may constitute
a substantial fraction of the host’s mass (e.g. Helmi et al. 2003;
Knebe et al. 2005; Warnick et al. 2008; Cooper et al. 2010; Libe-
skind et al. 2011; Maciejewski et al. 2011).
The properties and distribution of tidal debris from fully cos-
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mological simulations offers a new window on the formation his-
tory of haloes. For instance, streams offer a way of sampling the un-
derlying potential and possibly testing different theories of gravity
(e.g. Johnston et al. 2005; Law & Majewski 2010; Pen˜arrubia et al.
2012), although studies have typically focused on the evolution of
disrupted satellites in idealised situations. Deep surveys, such as
GAIA (Mignard et al. 2008; Go´mez & Helmi 2010), will allow ob-
servers to search for stellar streams, providing a new window with
which to test the current paradigm of structure formation or ’Near-
Field’ cosmology (Freeman & Bland-Hawthorn 2002). Finally, the
number, velocity profile and mass of these streams will have im-
portant ramifications for direct and indirect dark matter searches
(e.g. Stiff et al. 2001; Vogelsberger et al. 2008; Fairbairn & Schwetz
2009; Kuhlen et al. 2010; Ahlen et al. 2010; Ahmed et al. 2011).
Tidally disrupted substructures present a special challenge
for many substructure finders, as most identify substructures by
searching for clustering in configuration-space. Tidal debris need
not show up as an overdensity, consequently configuration-space
finders are completely ill-suited to this task. In the past, the in-
ability of these algorithms to detect tidal streams has mainly been
addressed by tracking previously tagged particles of an accreted
halo in time (e.g. Bullock & Johnston 2005; Warnick et al. 2008;
Cooper et al. 2010; Helmi et al. 2011; Rashkov et al. 2012; Kuhlen
et al. 2012). However, requiring temporal information severely lim-
its the search for streams, and such techniques cannot be directly
applied to observational data sets, which only provide an instan-
taneous snapshot of “particle” (star) positions. Observational mis-
sions such as GAIA hope to measure the phase-space positions of
millions of stars (Go´mez & Helmi 2010; Lindegren et al. 2012).
Searching through this data set for kinematic structures, such as
stellar streams, in our Galaxy will require tools that can robustly
identify these structures without the need to follow their evolution.
Furthermore, simply tracking particles tagged by a structure
finder is not enough. An accreted substructure will begin to phase-
mix as it orbits the host. After many orbital periods in an evolving
potential, it is unlikely that a tidally disrupted substructure will still
occupy a well-defined volume in phase-space, particularly since N-
body codes do not explicitly conserve phase-space density. Addi-
tionally, an accreted halo does not stop growing simply because it
has entered the virial radius of another host halo. In the low density
environment at the outskirts of a host halo, these new subhaloes
may accrete some mass (see for instance Han et al. 2012). There-
fore, identifying coherent dynamical structures such as unbound
tidal debris by a tracking algorithm necessitates the application
of a dynamically motivated criterion when pruning particles. For
subhaloes this takes the form of removing unbound particles. For
tidal debris such as streams, one can make use of the fact that they
are kinematically cold, physically extended substructures that are
tightly distributed about integrals of motion in slowly varying po-
tentials (e.g. Helmi & White 1999; Pen˜arrubia et al. 2006;
McMillan & Binney 2008).
However, one does not have to solely rely on tracking particles
to identify streams. As streams should occupy specific volumes in
phase-space and appear clustered in orbit space, algorithms which
use velocity information should in principle be able to identify tidal
debris (e.g. Sharma & Johnston 2009; Maciejewski et al. 2011; As-
casibar 2010; Behroozi et al. 2013; Elahi et al. 2011). One of the
goals of this work is to examine in a systematic fashion how well
these non-tracking codes recover tidal streams by comparing them
to a tracking method using fully cosmological simulations. To this
end, we cross-correlate the substructures identified and examine the
recovered properties of these substructures. We note that the per-
formance of some of the codes mentioned have been tested using
non-cosmological simulations, naively assuming that toy models of
satellite disruption captures the full complexity of structure forma-
tion. Here we take a far more realistic approach and asses the ability
of codes to recover tidal debris in fully cosmological simulations,
where tidal debris can be heated by encounters with other substruc-
tures and can originate from (sub)haloes which contain their own
(sub)substructure. These tools can, in principle, be applied to ob-
servational data to search for stellar structures. However, here we
focus only on dark matter structures, which occupy larger phase-
space volumes than stars and hence phase-mix quicker than stellar
structures and are consequently harder to detect.
Our paper is organized as follows: in section 2, we briefly
summarize the data sets used and outline the common post-
processing pipeline. We summarize the different algorithms used
in §3. We present a detailed comparison in §4. First, in §4.1 we
present several substructure properties used to determine whether a
substructure is a subhalo or should be considered tidal debris. We
give an overview of the general results and then present how well
different types of substructures are recovered, focusing specifically
on unbound substructures in §4.2-4.3. The properties of the sub-
structure distribution function are discussed in §5. We summarize
our results in §6, and conclude by outlining future studies and im-
provements in the search for and study of tidal debris in §7.
2 NUMERICAL METHODS
2.1 Simulations
The data used in most of this comparison study comes from the
Aquarius project (Springel et al. 2008). It consists of multiple dark
matter only re-simulations of a Milky Way-like halo at a variety
of resolutions performed using GADGET3 (based on GADGET2,
Springel 2005). We have used in the main the Aquarius-A halo
dataset at z = 0 for this project. The underlying cosmology for
the Aquarius simulations is
Ωm = 0.25, ΩΛ = 0.75, σ8 = 0.9, ns = 1, h = 0.73
consistent with that used in Springel et al. (2005) and only mildly
inconsistent with the latest WMAP data (Bennett et al. 2012). Pre-
cise details on the setup and performance of these simulations can
be found in Springel et al. (2008). Here we focus on the level 4
resolution halo which is composed of 6× 106 particles.
2.2 Post-processing pipeline
As with the other studies in this series, all substructure finder results
are subjected to the same post-processing pipeline. Each code rep-
resentative was asked to return a list of substructures and the list of
particle ID’s belong to that substructure. Note that two of the finders
used in this comparison, ROCKSTAR and HOT6D, allow particles to
belong to multiple substructures in the substructure hierarchy. For
example, a particle residing within a subsubhalo is included in the
list of particles for the subsubhalo, its host subhalo, and the halo
itself. The two others only allow a particle to be associated with
one substructure at the deepest level of the substructure hierarchy,
which in the example given would be the subsubhalo composed on
the fewest particles. Either of these approaches are acceptable. For
the sake of clarity we prune the lists so that particles only belong to
the substructure composed of the fewest number of particles.
We then calculate various properties for each substructure to
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quantify its dynamical state and phase-space morphology. We iter-
ate to find a substructure’s centre-of-mass till the radius encloses
the inner most, densest 10% of the particles. It should be empha-
sized that for completely disrupted substructures, such a quantity
does not have the same physical significance. The centre-of-mass
velocity, Vcm, is determined using the same region as the centre-
of-mass.
To determine the dynamical state of a substructure we use it’s
energy distribution. The specific energy of the ith particle is
Ei = φi +
1
2
(vi −Vcm)2 , (1)
where the potential is calculated only using the particles in the
group. Studies of (sub)haloes often require that the substructure
be “self-bound”, that is all particles must have Ei < 0. Tidal de-
bris, by its very nature, is not self-bound. Thus, we quantify the dy-
namical state of a substructure using the fraction of particles with
negative energy, fE .
Next we determine how anisotropic the substructure is in both
configuration- and velocity-space. To determine the physical mor-
phology, we follow Dubinski & Carlberg (1991) and Allgood et al.
(2006) and diagonalize the weighted moments of the reduced iner-
tia tensor
I˜i,j =
∑
n
mnx
′
i,nx
′
j,n
(r′n)2
. (2)
The ellipsoidal distance between the subhalo’s centre of mass and
the nth particle is
(r′n)
2 = (x′n)
2 + (y′n/q)
2 + (z′n/s)
2. (3)
Here q2 = λ2/λ1 & s2 = λ3/λ1 are the intermediate and minor
axis ratios respectively, λi are the ordered eigenvalues of I˜i,j , and
x′ coordinates are in the eigenvector frame.
This method accurately recovers the orientation of an ellip-
soid. However, due to the inverse radial weighting, the axis ratios
tend to be systematically overestimated, making structures appear
slightly more spherical than they really are (Zemp et al. 2011). The
reason we use this tensor in spite of this bias is to ensure that the
morphology is not severely skewed by the presence of a few very
distant particles. We emphasize that the physical meaning of these
eigenvalues for completely disrupted amorphous substructures is
not obvious, unlike the case for ellipsoidal substructures. Tidal de-
bris may be spread over several orbits with regions containing par-
ticles that are at different orbital phases, contain kinks and radial
shells. However, most stream-like substructures will tend to have
a small physical extent in directions normal to their orbital plane,
i.e. s is small. Visually, we find stream like structures have s . 0.3
(see Fig. 1). We emphasize that we do not use the inertia tensor to
determine a substructure’s shape but the deviation from a spherical
distribution. Determining the shape of tidal debris, by using some
combination of the inertia tensor and Minkowski functionals, is be-
yond the scope of this paper.
We characterize the velocity anisotropy in a similar fashion
using qv ≡ σ2/σ1 and sv ≡ σ3/σ1, where σ21 , σ22 & σ23 , are the
ordered eigenvalues of the global velocity dispersion tensor,
σ2i,j(v) =
1
mtot
∑
n
mn(vi,n − Vi,cm)(vj,n − Vj,cm). (4)
For well virialized ellipsoidal substructures, σ1 ∼ σ2 ∼ σ3 (see
for instance Vogelsberger et al. 2009 which shows that the veloc-
ity dispersion along the three main velocity eigenvectors of a halo
do not differ significantly, though the halo’s velocity distribution
is still anisotropic). This tensor suffers from the same limitations
as the inertia tensor. The physical interpretation of the eigenvalues
for an ellipsoidal velocity distribution is clear whereas tidal debris
need not be well characterized by a global velocity dispersion ten-
sor. Again, as we do not attempt to characterize the velocity distri-
bution of an entire substructure, this limitation is not an issue. We
simply use the eigenvalues to quantify the anisotropy of the veloc-
ity distribution. As a substructure is stretched along its orbit, the
inferred global dispersion along the direction of the orbit will ap-
pear to increase due to orbital gradients. In comparison, dispersions
in directions orthogonal to the orbit should not evolve significantly
(Binney & Tremaine 2008; Helmi & White 1999; Johnston et al.
2001). In fact, if phase-space density is conserved, the structure
should become kinematically colder as it is stretched physically.
However, phase-space density is not explicitly conserved in N-body
simulations, though in N-body simulations with sufficient resolu-
tion it is conserved (Helmi et al. 2003). Moreover, the presence of
other substructures will tidally heat the substructure and substruc-
ture will not be on a closed orbit in the evolving triaxial potential of
the host halo. Regardless, we should expect substructures to appear
comparatively cold in one direction, i.e. small sv .
3 THE SUBSTRUCTURE FINDERS
Identifying dynamically distinct tidal debris in cosmological N-
body simulations poses many intriguing challenges. Despite the
wealth of algorithms designed to identify haloes (Knebe et al.
2011a) and subhaloes (Onions et al. 2012), many of these codes
cannot be adapted to identify tidally disrupted substructures due
to their need for an unbinding process (see Onions et al. 2013).
Here we briefly outline the substructure finders used in this study
which can detect tidal debris, and clearly state the differences in the
methodologies used. We should emphasize that these codes do not
pass their candidate substructures through a so-called “unbinding”
routine to prune particle lists, as is often done for subhalo finders
and these codes have been run “blind”, using parameters the code
authors deem reasonable. For readers who are not interested in the
details of any particular finder, we summarize the key differences
in §3.5.
3.1 S-Tracker
S-TRACKER is a tracing algorithm we have developed based on
the Hierarchical Bound Tracing algorithm (HBT) (Han et al. 2012).
The algorithm works in the time domain to trace the evolution of
all FOF haloes accreted by other larger FOF haloes. As the algo-
rithm tracks particles, the substructures identified originate from a
distinct FOF halo and therefore no particle is incorrectly associ-
ated to a substructure. The key difference between this code and
HBT lies in the criterion used to prune particles in the substructure.
HBT was concerned with correctly identifying the descendant self-
bound subhaloes, thus only retained particles with negative energy
Ei = φi + Ki < 0. One might naively assume that relaxing the
energy criterion, e.g. by requiring αφ + Ki < 0 with α > 1,
would be sufficient to recover unbound tidally disrupted substruc-
tures. However, this is not the case. As energy is measured relative
to a reference frame, in this case the centre-of-mass velocity, differ-
ent portions of a tidally disrupted object will have different relative
energies. Setting a energy limit amounts to imposing a spherical
velocity dispersion cut relative to the centre-of-mass velocity. De-
termining the optimal cut for any given tidally disrupted structure
© 0000 RAS, MNRAS 000, 000–000
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is not trivial. Consequently, such a criterion will never recover dy-
namically distinct shells or regions of a very physically elongated
stream that lie a great distance from the centre-of-mass (for more
discussions on unbinding see Knebe et al. 2013b).
However, if particles originating from the same progenitor and
initially occupying the same region in phase-space should remain
neighbours in phase-space. We therefore track particles originating
from the same progenitor that remain linked using a similar crite-
rion to the one used in Elahi et al. (2011), that is
(xi − xj)2
`2x
< 1,
1/Vr 6 vi/vj 6 Vr,
cos Θop 6
vi · vj
vivj
, (5)
where `x is the physical linking length, Vr is the velocity ratio,
and cos Θop is the cosine between the two particles velocities. The
first criterion is the standard FOF criterion, linking particles that are
separated by a distance less than `x times the inter-particle spacing.
The last two criteria ensure that particles have similar velocities. In
this analysis we use `x = 0.351, Vr = 3, and cos Θop = 0.85. The
algorithm also keeps track of substructure hierarchy. The hierarchy
is ordered in accretion time akin to the hierarchy in a halo merger
tree, that is if a halo is accreted by a larger halo, which is itself
accreted at a later time, said halo resides at the 3rd level in the sub-
structure hierarchy. Consequently, if a particle is removed from one
(sub)substructure, it is added to the pool of the parent (sub)structure
candidate particles. Thus, in this approach substructures can grow
via the complete disruption of internal substructure.
The algorithm requires that the time domain be well sampled,
roughly 50 or more snapshots are needed (see Han et al. 2012, for
a discussion of the required temporal resolution, which depends on
the merger rate and cosmology). We use 128 snapshots, ensuring
few substructures composed of . 50 particles are not tracked by
the algorithm. As a consequence of the zero contamination and low
loss, we use the output of this code as our reference. However, it
should be noted that since this algorithm must process every output,
it is by far the slowest algorithm of the four studied here.
3.2 VELOCIraptor (a.k.a STF)
VELOCIraptor (formerly known as the STructure Finder, STF)
(Elahi et al. 2011) identifies substructures by utilising the fact that
dynamically distinct substructures in a halo will have a local veloc-
ity distribution that differs significantly from the mean, i.e. smooth
background halo. This method consists of two main steps, iden-
tifying particles that appear dynamically distinct and linking this
outlier population using a Friends-of-Friends-like (FOF) approach.
Specifically, outlier particles are identifying by estimating the mean
velocity distribution function using a coarse grain approach and
comparing the predicted distribution to that of a particle’s local ve-
locity distribution, which is calculated using a near-neighbour ker-
nel technique. Specifically, the local velocity density is estimated
using 32 nearest neighbours in velocity space drawn from a larger
sample of 256 nearest neighbours in physical space. By taking the
ratio of the local velocity distribution density relative to the ex-
pected mean velocity distribution density at a particle’s phase-space
position, the contrast of particles resident in substructure relative to
1 Note that haloes are found using `x = 0.2.
those in the background are greatly enhanced. The scatter in this es-
timator is determined by examining the distribution of this ratio, L,
which is characterised by a Gaussian distribution corresponding to
the virialized background, and numerous secondary peaks located
at large values of the ratio arising from particles resident in sub-
structure. The variance about the central main peak is estimated and
only outlier particles, which have ratios lying several nLσ away
from the main peak, are searched. In this way, we quantify how
dynamically different a particle is and the likelihood that a parti-
cle is resident in substructure. Particles are linked together if they
satisfy the criteria outlined in Eq. (5). Initial candidates are found
using an initial linking length, `x,o and then allowed to grow using
a much larger linking length. In this analysis, we use nL = 2.5,
`x,o = 0.10, `x = 0.45, Vr = 2, cos Θop = 0.95. The algorithm
also determines if a substructure is significant if the substructure’s
average ratio is greater than the expected value from Poisson fluc-
tuations.
3.3 ROCKSTAR
ROCKSTAR (Robust Overdensity Calculation using K-Space Topo-
logically Adaptive Refinement) is a phase-space halo finder de-
signed to maximize halo consistency across timesteps (Behroozi
et al. 2013). The algorithm first selects particle groups with a 3D
FOF variant with a very large linking length (`x = 0.28). For
each main 3D FOF group, it then builds a hierarchy of 6D FOF
subgroups in phase-space by progressively and adaptively reduc-
ing the linking lengths in configuration and velocity space, so that
a tunable fraction (70%, for this analysis) of particles are captured
at each subgroup as compared to the immediate parent group. The
distance between two particles is
d(pi, pj) =
(
(xi − xj)2
σ2x
+
(vi − vj)2
σ2v
)1/2
, (6)
where the configuration-space and velocity-space lengths defining
the metric are proportional to the position and velocity dispersions,
respectively, of the particles in the subgroup. Particles are linked if
these distances are less than unity. When this is complete, ROCK-
STAR converts these 6DFOF subgroups into seed haloes beginning
at the deepest level of the hierarchy. If a subgroup only contains
one seed group, all particles in it are assigned to that group. Oth-
erwise, when a subgroup contains multiple seeds, particles are as-
signed based on their proximity to seeds in phase-space using the
coarse grain metric determined for that level in the tree. This pro-
cess is repeated at all levels of the hierarchy until all particles in the
base FOF group have been assigned to either a substructure or to
the main halo.
3.4 HOT6D
HOT6D is a structure finder based on HOT+FiEstAS, which is a
general-purpose clustering analysis tool still under development.
This algorithm performs the unsupervised classification of a mul-
tidimensional data set by computing its Hierarchical Overdensity
Tree (HOT), analogous to the Minimal Spanning Tree (MST) in
Euclidean spaces, based on the density field returned by the Field
Estimator for Arbitrary Spaces (Ascasibar & Binney 2005; Asca-
sibar 2010). As explained in Knebe et al. (2011a) in the context of
halo finding, HOT6D identifies substructures with density maxima
in phase-space of particle positions and velocities. The boundary
of a substructure is set by the isodensity contour crossing a saddle
© 0000 RAS, MNRAS 000, 000–000
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point, and its centre is defined as the density-weighted average of
its constituent particles.
3.5 Key differences
Although all the finders here effectively define substructures as re-
gions clustered in phase-space, there are differences in the details
inbuilt in the approach taken by each algorithm.
• S-TRACKER is a tracking code that applies phase-space crite-
ria to a collection of particles originating from a distinct FOF-halo
in order to prune the particle list and return substructure which oc-
cupies a specific region in phase-space.
• VELOCIraptor was designed to identify physically underdense
streams. It estimates the local velocity density distribution relative
to the expected mean velocity distribution to identify candidate par-
ticles and then links them using a phase-space criterion.
• ROCKSTAR was designed to identify (sub)haloes, however, its
use of phase-space information means that, in principle, it is ca-
pable of identifying tidally disrupted substructures. The algorithm
uses a coarse grain phase-space metric and an adaptive 6D-FOF
algorithm to link particles together.
• HOT6D was designed to identify clustering in arbitrary spaces.
In the current version used here, it estimates the local phase-space
density and uses density thresholds and saddle points to identify
structures.
We see that S-TRACKER explicitly assumes substructures originate
from FOF-haloes, whereas the others do not. Both S-TRACKER and
VELOCIraptor assume particles residing in a substructure will be
physically close and on similar orbits. However the former prunes
particles from a candidate substructure using phase-space criteria
whereas the latter links particles together to identify candidates.
Consequently, S-TRACKER uses more relaxed criteria when prun-
ing particles. ROCKSTAR and HOT6D weight configuration-space
and velocity-space approximately equally whereas VELOCIraptor
is biased towards clustering in velocity-space.
Therefore, some of the differences seen in the following sec-
tions are a result of different definitions2.
4 HOW DO ALGORITHMS COMPARE?
4.1 Identifying tidal debris
The substructure finders used in this study should, in principle, find
all types of substructures from relatively compact, spherical, bound
subhaloes to unbound shells and streams. Before we can examine
how well substructure finders recovery tidal debris we first need to
determine whether a substructure should be classified as tidal debris
or a subhalo. We use the phase-space morphology, quantified using
q, s, qv , sv , and the dynamical state, quantified by fE , discussed in
§2.2. The distribution of these key properties is shown in Fig. 1 for
a subset of substructures in the reference S-TRACKER catalogue.
Recall that all the particle tracked by S-TRACKER originated from
a distinct FOF halo, thus fE is not affected by the inclusion of
particles with high relative velocities, i.e. false positives.
This figure shows that there is a strong correlation between
the inferred dynamical state and morphology and that substructures
2 Interested readers are referred to Knebe et al. (2013b) for a related dis-
cussion on the scatter in subhaloes arising from the various definitions of
what constitutes a subhalo.
Figure 1. The dynamical state and phase-space morphology of substruc-
tures identified by S-TRACKER composed of > 500 particles. We plot the
axis ratios of the inertia tensor in the top panel and the velocity dispersion
tensor in the bottom panel. Points are coloured according to fE and the
marker size is proportional to logMS, the logarithmic mass of the substruc-
ture. Marker styles indicate the type of substructure, with circles, squares,
and triangles corresponding to subhaloes, transitional substructures, and
tidal debris (streams, and shells) using the classification scheme outlined
in Eq. (7). Note that s 6 q & sv 6 qv .
span the entire range of these quantities. Substructures with spheri-
cal phase-space morphologies, that is q, s, qv, sv ∼ 1, are generally
self-bound with fE & 0.8, whereas highly anisotropic substruc-
tures typically have fE . 0.2. There are a few substructures that
appear to have spherical morphologies but are completely unbound.
Visual inspection of these substructures show that these are shells
or disrupted substructures that have filled quite a large region of
their orbit space. We also see that most substructures have s ∼ q
and that there are no substructures with q ∼ 1 and s . 0.5. The
© 0000 RAS, MNRAS 000, 000–000
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Figure 2. Example of substructures found by S-TRACKER (first row) and their counterparts identified by the non-tracking algorithms if a viable cross match
is found (next three rows). We show three different classes of substructures, with a subhalo in the left panel, a transition substructure in the middle panel,
and a tidally disrupted substructure in the right panel. We plot a projection of the particle distribution and show relevant structural quantities, plot an open
pentagon for the centre-of-mass, along with the distance of the most distant particle to this point, Rmax. Note that particles are colour coded according to the
morphological classification of the group, blue, green and red corresponding to Tsub, T subtid , and Ttid respectively. We also colour particles in the non-tracking
codes that are not found in the S-TRACKER substructure to emphasize the false positives found, orange for subhaloes, purple for transition objects and navy
blue for tidally disrupted objects. The scale is the same across finders (going down a column) but differs for each object (going across a row).
© 0000 RAS, MNRAS 000, 000–000
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absence of pancake like substructures indicates subhaloes are gen-
erally only elongated along one particular axis as they are tidally
stretched.
For simplicity, we use three classes: subhaloes; tidal debris;
and the transition region in between. We visually inspect a sam-
ple of 40 visually classified tidally disrupted substructures and 40
visually classified intact subhaloes chosen at random from our ref-
erence catalogue to determine these limits. We define intact sub-
haloes, transition substructures, and tidal debris as as Tsub, T subtid ,
and Ttid substructures respectively. The classification criteria, in
part based on the work of Elahi et al. (2011), are listed below,
Tsub :
(fE > fEsub)∩
[(q > qsub) ∩ (s > ssub)]∩
[(qv > qv,sub) ∩ (sv > sv,sub)]
(7a)
T subtid : ( 6= Tsub) ∩ ( 6= Ttid) , (7b)
Ttid :
{ (
fEtid < fE 6 fEsubtid
)∩
[(q 6 qtid) ∪ (s 6 stid)]∪
[(qv 6 qv,tid) ∪ (sv 6 sv,tid)]
}∪
(fE 6 fEtid)
(7c)
where the subscripts sub & tid correspond to subhalo and tidal
stream limits respectively. We find that
fE q s qv sv
sub : 0.80 0.70 0.60 0.60 0.40
sub− tid : 0.50
tid : 0.20 0.50 0.40 0.35 0.30
correctly classifies our test sample of substructures. This classifi-
cation scheme is based primarily on the inferred dynamical state
of the substructure, though we attempted to account the transition
region using the phase-space morphology. These limits effectively
state that if a substructure is generally a bound ellipsoid, its an in-
tact subhalo. As the substructure becomes either more triaxial or
less bound, the substructure should be considered a subhalo with
tidal features. We consider even substructures that are dominated
by an unbound component to be subhaloes with tidal features un-
less they have anisotropic phase-space morphologies, in which case
they are considered tidal debris. Substructures that have very small
bound mass fractions, 6 20%, are considered tidal debris.
An example of the substructures found and how they are clas-
sified is shown in Fig. 2, along with the relevant parameters. These
objects are chosen at random from the S-Tracker catalogue as
stereotypical representatives of each class of substructure, with the
tidal debris chosen to represent a tidal stream, i.e. small s and sv
values. We also require objects to be composed of > 1000 par-
ticles. The left panel shows a subhalo, the central panel a subhalo
with tidal features, and the right panel shows a completely unbound
tidal stream. We also show the best counterparts identified by VE-
LOCIraptor, ROCKSTAR, and HOT6D, and differentiate between par-
ticles belonging to the reference substructure from the S-TRACKER
shown and other particles deemed by S-TRACKER to either belong
to a different substructure or the background.
Before we discuss the statistical analysis of this comparison,
its informative to visually examine the counterparts found by the
non-tracking codes plotted in lower panels of Fig. 2. The first ob-
vious issue is that both of the phase-space finders, ROCKSTAR &
HOT6D, have associated seemingly unrelated particles to S44, the
subhalo, seen in the left column. These false positives occur be-
cause the separation between the two clusters of particles is effec-
tively not significant with respect to the noise in the phase-space
metric used, indicating the need for some post-processing. Subhalo
candidates are pruned by removing “unbound” particles, which is
not applicable here.
The subhalo with tidal features, S47 (middle column), is iden-
tified by all finders. However, this substructure contains several
completely disrupted subsubstructures, which are not identified as
separate substructures by any of the non-tracking codes (see discus-
sion in §4.3.3). As a result, the fraction of bound particles is higher
in the three non-tracking codes, such that VELOCIraptor classifies
this object as a pure subhalo. ROCKSTAR & HOT6D also incorrectly
associate outlying particles.
The picture is far more complicated for the very diffuse
stream. It is only partially identified by VELOCIraptor& HOT6D.
VELOCIraptor recovers a significant fraction of the stream, al-
though the contamination appears high, having associated another
substructure with this stream. HOT6D only detects a small fraction.
We also note that Fig. 2 indicates that a substructure’s classification
can change, i.e., Tsub ↔ T subtid or T subtid ↔ Ttid, depending on the
algorithm.
4.2 General results
The total number of each type of substructure found by each finder
is listed in Table 1 along with the mass fraction in substructures.
This table shows that the number of substructures identified varies
greatly, by up to a factor of 1.6, though the total mass in substruc-
tures only differs by at most 20%. S-TRACKER finds the most dis-
tinct substructures, HOT6D finds the least. We discuss the reasons
for these discrepancies below.
We should emphasize that, despite the fact that S-TRACKER
tracks particles, its catalogue is not necessarily complete. First, it
relies on the standard FOF scheme to identify progenitor haloes.
This scheme can artificially link haloes which are joined by bridges
of particles. The two haloes in this FOF-structure will follow dif-
ferent orbits. Consequently, when S-TRACKER applies its phase-
criterion it will find two groups, and as S-TRACKER only keeps
the larger of the groups, only one will end up being tracked. Addi-
tionally, a subhalo can accrete mass from its host halo, especially
while it still resides in the outskirts, though the amount of mass ac-
creted is small (Han et al. 2012). These newly accreted particles are
never tracked as we do not allow substructures to be accreted from
the background. Substructures can also merge, though this is rare
(Klimentowski et al. 2010). If two substructures occupy the same
phase-space volume for a dynamical time, should they be consid-
ered two separate substructures even if at some much early stage
they originated from two different FOF haloes? There is not a sim-
ple answer to this question, hence for simplicity we do not merge
substructures in S-TRACKER. Finally, due to the coarse grain search
in the time domain for progenitor haloes, if a halo forms and is ac-
creted between snapshots, these particles will never be tracked. For
the data sets presented here, this only becomes an issue for haloes
composed of . 50 particles.
4.3 How well is tidal debris recovered?
4.3.1 Cross-matching
We quantify how well each finder does using three quantities, the
merit, purity and recovery fraction. The merit of a cross match is
M≡ N2sh/(N1N2) (8)
where Nsh is the number of particles shared by the substructure
in the comparison catalogue and with another substructure in the
© 0000 RAS, MNRAS 000, 000–000
8 P.J. Elahi, et al.
Table 1. Basic properties of the substructures identified by each finder. Left column gives the finder name. The next columns show the total number of
substructures found within the main halo composed of more than 20 particle (NS,tot) and the total fraction of mass in substructures for each type (fS,tot).
Finder Name All Substructures Subhaloes (Tsub) Subhaloes+Tidal Features (T subtid ) Streams & Tidal Debris (Ttid)
NS,tot fS,tot NS,tot fS,tot NS,tot fS,tot NS,tot fS,tot
S-TRACKER 3025 0.1776 483 0.0557 1628 0.0788 914 0.0422
VELOCIraptor 1953 0.1809 379 0.0949 1123 0.0599 388 0.0273
ROCKSTAR 2330 0.2082 207 0.0655 1194 0.1110 929 0.0317
HOT6D 1883 0.1911 224 0.0700 846 0.0846 955 0.0365
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Figure 3. The top row shows the 20%, 80% quantiles (error bars) and median (filled symbol) of the merit distribution of substructures in logarithmically
spaced particle number bins categorized according to morphological type. Intact subhaloes are shown by (blue) circles and dotted lines, subhaloes with tidal
features by (green) triangles and dashed lines, and tidal debris by (red) stars and solid lines. Note that for clarity we have offset these points by a small amount
in each bin. The bottom row shows histograms of the fraction of all substructures in each bin that haveM < 0.0001, that is effectively no match is found,
along with the Poisson error bars. Here subhaloes, transition substructures, and tidal debris are shown by (blue) cross-hatched histogram, (green) hatched
histogram, and a red open histogram respectively. In the legend we show the total fraction of substructures effectively not found in the reference catalogue,
ftot(M < 0.0001). Here substructures are classified according to to the distribution of particles identified by the finder. Finally, we also plot a vertical line
at 40 particles, twice the particle limit used to identify substructures, and the number particles at corresponding to 1% of the halo’s total, the point at which
the largest substructure are often found.
reference catalogue, and N1 and N2 are the number of particles
in each substructure (Klimentowski et al. 2010; Libeskind et al.
2010; Knebe et al. 2013b). As a substructure may share particles
with several other substructures in the reference catalogue, we are
only concerned with the maximum merit of a given substructure.
We also calculate the total purity, Ptot, of a substructure, which is
the fraction of particles in a substructure that belongs to a substruc-
ture that originated from a distinct FOF-halo. Finally, we calculate
fraction of a substructure in the reference catalogue recovered in
any substructure in the comparison catalogue, R, allowing a sub-
structure to be split into multiple groups. Together, these quantify
an individual match, the fraction of false positives, and the total
fraction of a real substructure recovered.
The results are plotted in Fig. 3-5, where we have catego-
rized substructures according to the morphological types outlined
in §4.1. Note that substructures for Fig. 3 & 4 are classified ac-
cording to the morphological type of the substructure found in the
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Figure 4. Similar to Fig. 3 but for the total purity distribution and the mass distribution of substructures that are effectively spurious, f(Ptot < 0.01)
comparison catalogue, whereas in Fig. 5 substructures are plotted
according to their S-TRACKER morphological class.
In Fig. 3, we show the median and quantiles of the merit dis-
tribution in several particle number bins for the three categories
of substructures. Libeskind et al. (2010) found thatM ∼ 0.2 in-
dicates a viable cross-match has been found. Here we deem any
substructure with a merit of . 10−4 to be completely spurious.
Substructures with 10−4 .M . 0.2 can be viewed as substruc-
tures that are poorly identified, though this simple interpretation
is not always the case for tidal debris (see following discussion on
Fig. 7). If we compare the average merit value between substructure
types, we clearly see that for all finders, less tidally disrupted sub-
structures have higherM. More importantly, this figure indicates
that subhaloes with tidal features, even those that are predominantly
unbound are well matched by an object in the reference catalogue.
Only a very small fraction of transitional substructures near the par-
ticle limit have no counterpart.
Of greatest relevance for this study is the fact that tidal streams
and other diffuse unbound substructures are found withM & 0.2
for all three finders. It should be emphasized that due to the dif-
fuse nature of streams and clouds, recovery can often be patchy, re-
sulting in a stream being split into several different “substructures”
resulting in a lowerM. The greatest difference between the three
comparison finders lie in the fraction of tidal streams not found
in the reference catalogue. VELOCIraptor has the fewest number
of substructures not well cross-matched to an individual substruc-
ture in the reference catalogue. Generally only streams consisting
of ∼ 20 particles, near the number cutoff imposed, are not present
in the reference catalogue, though there are some small fraction
of spurious structures across a wide range of masses. ROCKSTAR
shows a strong resolution dependence on the number of spurious
substructures, with a very large fraction occurring near the 20 par-
ticle limit imposed. This is not the case for HOT6D, where ∼ 40%
of all very diffuse loosely bound substructures are spurious regard-
less of the number of particles the substructure is composed of.
Not all extra substructures in the non-tracking catalogues need
be truly spurious detections. One possible source is from the frag-
mentation of a S-TRACKER substructure. This tracking code applies
a phase-space window to link particles originating from a progeni-
tor halo. If a fragment of a substructure at a given snapshot lies out-
side this window, it will no longer be tracked. However, given the
large phase-space window used and the fact that most of these ob-
jects do not have a viable cross match in the other catalogues, sug-
gest they are truly spurious substructures. Another potential source
for these excess substructures are mergers. Behroozi et al. (2012)
found that particles can be excited to high kinetic energies and be
ejected from the host halo during merger events. These particles do
not constitute a coherent dynamical structure but due to their kine-
matic properties greatly differing from the background, they could
be grouped together and identified by the non-tracking codes as a
substructure.
The merit shows a mild inverse dependence with particle num-
ber, that is more massive substructures tend to have smaller mer-
its. This trend is for Tsub & T subtid substructures is primarily due
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Figure 5. Similar to Fig. 4 but for the recovery fraction distribution. Here substructures are classified according to the substructure found by S-TRACKER, not
the finders plotted.
to the presence of tidally disrupted subsubstructures and relates
to when a substructure should be considered to have phase-mixed
with its host. There is no simple answer to this question. In such in-
stances, the non-tracking finders may identify a single substructure,
whereas S-TRACKER may continue to track each substructure sepa-
rately. Larger subhaloes are more likely to have accreted other sub-
structures and better resolved subhaloes will have contained more
substructure as a halo prior to be accreted themselves, hence the
observed trend. The case is different for tidally disrupted substruc-
tures, where lower merits can occur when a single tidally disrupted
substructure is split into several groups. Another complication is
that tidally disrupted substructures have a higher likelihood of oc-
cupying the same space as another substructure due to their ex-
tended volumes. Consequently, non-tracking codes might consider
the enveloped substructure as part of the tidal debris.
The distribution of Ptot, plotted in Fig. 4, shows that sub-
haloes have very high purities. The mass dependence seen in Fig. 3
is no longer present, further indicating that part of the trend inM
is due to the grouping together or splitting of substructures. The
small amount of contamination seen in subhaloes can partly be ac-
counted for by the fact that S-TRACKER does not allow substruc-
tures to accrete particles from the background. Even the purity for
subhaloes dominated by tidal features remains quite high at ≈ 0.8.
Substructures classified as tidal debris a show a greater number of
false positives, with purities around∼ 0.3−0.4, though some tidal
debris has purities as high as 0.8. Note that the distribution of sub-
structures with Ptot . 0.01 is similar to that of substructures with
no viable individual cross-match seen in Fig. 3.
The recovery fraction plotted in Fig. 5 shows similar trends
to the two previous figures. Intact subhaloes and subhaloes with
strong tidal features are almost completely recovered regardless of
mass (save in the lowest mass bin where particle noise becomes an
issue and for the largest subhalo which is dominated by very ex-
tended tidal features). Of the three finders tested, HOT6D has the
strongest dependence on numerical resolution, even for subhaloes.
The picture is not so clear when it comes to tidal debris, where sev-
eral large Ttid substructures in the reference catalogue are missing
in all the other catalogues.
4.3.2 “Missing” substructures and disruption
These findings initially suggest that, though the non-tracking codes
are able to identify gravitationally unbound tidal debris with a rea-
sonable amount of purity, the fraction recovered is surprisingly
poor and does not depend on the size of the structure. However, a
closer inspection reveals that these substructures are typically very
diffuse clouds of particles that appear to have phase-mixed with the
background.
For instance, the largest tidally disrupted substructure in the
reference catalogue that is not recovered by the other finders is
composed of ≈ 4 × 104 particles and was accreted at z = 6.85.
This substructure originated from an FOF halo was composed of
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Figure 6. The accretion redshift and disruption redshift of substructures not
recovered by VELOCIraptor. If a substructure is not considered disrupted we
set its disruption redshift to -1. Circle, squares and triangles correspond to
Tsub, T subtid and Ttid substructures respectively. Points are colour coded ac-
cording to log
[
Mb(z = 0)/MFOF,infall
]
, the log of the fraction of self-
bound mass at z = 0 relative to the substructure’s initial halo mass. Marker
size scales with logMS.
≈ 105 and by z = 4.77 less than 0.1% of its original mass was
self-bound. We plot the accretion and disruption redshift distribu-
tion of all missing substructures composed of more that 40 particles
in VELOCIraptor catalogue in Fig. 6. The distribution for ROCK-
STAR and HOT6D for the large missing tidal debris substructures
are similar. Here we define the disruption redshift as the redshift
at which less than 0.001 of a substructures original mass is self-
bound. We see that the accretion and disruption redshifts for these
substructures is zacc & 4 and zdis & 2 respectively. Only a few
substructures composed of ∼ 40 particles are not found and also
not completely disrupted by z = 0. Most of these missing sub-
structures typically have self-bound masses of . 10−4 times their
initial infall FOF mass. We argue that these substructures should no
longer be tracked.
4.3.3 Tracking vs Non-tracking codes
Let us now examine the details of the cross-matched examples in
Fig. 2 listed in Table 2. The cross-matched substructures for the
subhalo and transition substructure in the reference catalogue, S44
& S47, all contain matches to other substructures in the reference
catalogue. These “extra” substructures are in fact unbound clouds
of particles that reside in the substructure, that is tidal debris of
a subsubhalo residing in a subhalo, which appear to have phase-
mixed with the background subhalo. Consequently, these substruc-
tures are not identified as distinct substructures, though they are
completely recovered. A large fraction of the Ttid with large recov-
ery fractions fall into this category. This is the reason that the merit
seen in Fig. 3 has a dependence on particle number. We note that
for S44, only three smaller substructures in the S-TRACKER cata-
logue appear to reside in the phase-space volume occupied by S44.
The extra substructures associated by the two phase-space based
codes, ROCKSTAR & HOT6D, reside in the patch of unassociated
Table 2. Statistics of cross-matched groups in Fig. 2 relative to the S-
TRACKER groups. We list the merit, total purity, recovery fraction, the extra
number of reference substructures in the cross matched substructure (ne),
and the average recovery fraction of these extra matches, (Re).
Reference Finder M Ptot R ne Re
Substructure
Tsub S44
VELOCIraptor 0.84 1.00 0.99 3 1.00
ROCKSTAR 0.78 0.92 1.00 4 0.78
HOT6D 0.82 0.97 0.99 5 0.65
T subtid S47
VELOCIraptor 0.65 0.97 0.96 7 1.00
ROCKSTAR 0.61 0.89 0.99 7 0.99
HOT6D 0.61 0.89 0.98 7 0.99
Ttid S41
VELOCIraptor 0.16 0.26 0.60 2 1.00
ROCKSTAR NA
HOT6D 0.13 0.76 0.17 0 NA
particles seen in Fig. 2. Only small fractions of these substructures
are recovered, hence the lowRe.
These “extra” substructures raise a question for codes which
track tidal debris: at what point should they be considered part of
the background? Substructures that are indistinguishable from the
halo background are typically disrupted at high z (see Fig. 6). This
is not always the case for these structures, though they typically
have fE . 0.2. However, given that these substructures occupy
similar phase-space volumes to their host (sub)halo and are loosely
bound, it is an open question whether they should be considered
separate substructures at all. The phase-mixed substructures ac-
count for a significant fraction of the differences in the number
of substructures identified by S-TRACKER’s and the non-tracking
codes, if one accounts for the spurious Ttid substructures in non-
tracking catalogues (see Table 1).
Finally, we turn our attention to the stream S41 in Fig. 2,
which appears to be the prototypical tidal stream in the refer-
ence catalogue. The VELOCIraptor & HOT6D counterparts to the
diffuse stream, S41, highlight the difficulty identifying streams.
Both finders associate small fractions (∼ 1%) of the particles S-
TRACKER associates with this stream with other substructures. VE-
LOCIraptor and HOT6D contaminant one substructure with these
particles where these particles comprise a significant fraction of
the substructure (∼ 10%). Only a small fraction is recovered by
HOT6D counterpart, but the purity is high, whereas VELOCIraptor
recovers a significant fraction but is contaminated by background
halo particles and particles belonging to another completely dis-
rupted substructures that intersects this stream. ROCKSTAR does
not find a viable counterpart, possibly because the structure is very
diffuse and elongated in configuration space. However, it does re-
cover a very small fraction (∼ 0.03) of this tidal debris but as-
sociates these particles with a T subtid substructure, which is an ex-
cellent cross-match to a different substructure in the S-TRACKER
catalogue.
The tidal debris example in Fig. 2 and the trends seen in Fig. 3-
Fig. 5 indicate that identifying almost completely disrupted sub-
structures poses a special challenge. There appears to be tidal de-
bris with low merits but high purities or low merits but high recov-
ery fractions. To explore these issues we show a few tidal debris
examples with a variety of M, Ptot and R values in Fig. 7. We
emphasize that this figure is not a representative sample of the pop-
ulation of tidally disrupted substructures found by the non-tracking
codes. It merely highlights different scenarios.
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Figure 7. Examples of tidal debris found by non-tracking codes (left-side panel) an the corresponding reference substructure with the highest merit in the
S-TRACKER catalogue (matching right side panel). Particles in both the tidal debris example and the reference substructure are plotted in blue, particles
belonging to a substructure other than that with the highest merit are plotted in red, and particles associated with the background by either the non-tracking
code or S-TRACKER are plotted in green. For the substructure found by the non-tracking code, we show the number of particles in the substructure Np, fE ,
M, Ptot, and the fraction of the reference substructure recoveredRref . For the reference substructure we show Np, fE , andR, the total fraction recovered
across all substructures in the non-tracking catalogue.
The first row shows two examples where the non-tracking al-
gorithms perform poorly, associating background particles in the
region surrounding a small substructure, which is becoming tidally
disrupted. These incorrectly associated particles cause the sub-
structure to be considered Ttid instead of T subtid . These examples
have lowM, Ptot but the entire substructure is recovered.
The examples in the second row are of substructures which
recover a small fraction of a tidally disrupted substructure in the
S-TRACKER catalogue. In the example in the left column, bothM
& Ptot are low but this is not a spurious substructure. Most of the
tidally disrupted reference substructure is recovered but has been
split into several groups, each with lowM. In the example in the
right column, the substructure has a low merit as only a small frac-
tion of the large tidally disrupted reference substructure has been
recovered by this substructure. However, the substructure in the
non-tracking catalogue is not severely contaminated by the back-
ground.
The last row shows two different cases. In the left column, the
substructure is very pure but has a very low merit. In fact, the ref-
erence object with the highest merit is not the object that should
be associated with this reference substructure. Most of the particles
here originate from the tidal tails of a much larger subhalo com-
posed of ≈ 39000 particles. The tidal tails of this large reference
substructure happen to intersect this smaller substructure, which is
in the process of being tidally disrupted. The right column shows
tidal debris object with high merit (recall M & 0.2 indicates a
good counterpart has been identified), high purity but low recovery
fraction. Here the reference substructure has been split in two, a
trailing stream and a leading stream which contains the progenitor
subhalo.
4.4 Summary of Comparison
In summary, all three non-tracking finders identify tidal debris. The
statistics of each finder is listed in Table 3, where the averageM,
Ptot, and R listed are calculated excluding the contribution from
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Table 3. Overall performance of the non-tracking finders based on sub-
structures composed of > 40 particles (twice the particle limit used to
find substructures). We show the average merit, purity, recovery fraction
excluding spurious objects, the fraction of spurious detections, fspur, and
the fraction of missing substructures, fmiss. The fraction of missing sub-
structures is corrected for the substructures that have phase-mixed with the
background by discarding any substructure in the S-TRACKER catalogue
which has zdis > 0.2, decreasing this fraction by 0.03.
Finder Type M Ptot R fspur fmiss
Tsub 0.81 0.96 0.99 0.00 0.00
VELOCIraptor T subtid 0.79 0.87 0.98 0.00 0.002
Ttid 0.25 0.43 0.93 0.21 0.01
Tsub 0.80 0.94 0.99 0.00 0.00
ROCKSTAR T subtid 0.72 0.79 0.99 0.00 0.001
Ttid 0.36 0.36 0.96 0.25 0.03
Tsub 0.71 0.95 0.95 0.00 0.04
HOT6D T subtid 0.68 0.80 0.93 0.003 0.07
Ttid 0.26 0.36 0.95 0.38 0.03
spurious objects and only for substructures composed of more than
40 particles in order to minimize the effects of poorly resolved sub-
structures. First, we should emphasize that all finders perform re-
markable well in identifying subhaloes with significant amounts
of mass in unbound tidal features. However, the performance of
these finders degrades as substructures become increasingly un-
bound. Focusing on the statistics of tidally disrupted substructures,
we see all the non-tracking finders on average identify viable cross-
matches, i.e.M & 0.2, though they all also miss a small fraction of
the tidally disrupted substructures present. ROCKSTAR has the high-
est recovery fraction and the highest average merit. VELOCIraptor
has the highest overall purity, the fewest completely missing ob-
jects and the fewest spurious objects. HOT6D has the largest num-
ber of spurious unbound substructures and also suffers from nu-
merical resolution issues at particle numbers of . 100, whereas
the other two suffer from strong resolution effects for substructures
composed of . 50 particles. All non-tracking codes unfortunately
identify a non-negligible fraction of spurious objects. These spu-
rious objects and the significantly lower purity suggest that some
post-processing may be required, similar in purpose to the unbind-
ing routines used for subhaloes. It is possible that his number can
be reduced at the cost of decreasingR by using more conservative
selection criteria (see discussion in Elahi et al. 2011).
We note that due to the particle number trends seen in Fig. 3-5,
particularly forM& Ptot, which decrease slightly with increasing
particle number in large tidal debris, the exact values listed in the
table should be treated with some caution. The increasing volume
occupied by tidally disrupted substructures means that lower merits
and purities are not unexpected. These structures are more likely
to be split into several groups and may envelop other tidal debris,
as illustrated in Fig. 7. Nevertheless, these values are useful for
gauging the performance of each code, the incompleteness of the
catalogues and the contamination present.
5 THE SUBSTRUCTURE DISTRIBUTION
5.1 Mass function
The simplest distribution to examine is the general substructure
mass distribution, shown in Fig. 8. A subhalo’s mass is not very
well defined and the dynamical mass of a stream is even less well
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Figure 8. The cumulative substructure mass function in shown in the up-
per panel and the differential mass function in the lower panel. The dashed
vertical line shows the mass-scale of substructures composed of 100 par-
ticles. Note that the differential mass function in the lower panel has been
weighted byMS to compress the vertical scale and highlight the power-law
index of the mass function. For comparison, we show the average subhalo
mass function from Onions et al. (2012) and the prediction from Eq. (9)
for α = 0.9 & α = 1.0, shown by the solid gray and dashed gray lines
respectively.
defined, especially since the recovery can be patchy. However, at
least for S-TRACKER’s catalogue, this distribution is effectively the
mass distribution of progenitor haloes modified partially by a tidal
field. Before we discuss this figure, it is important to recall some
salient facts about the subhalo mass function. The differential sub-
halo mass function is well characterised by power-law, e.g.
dn
d lnMsub
= AM−αsub (9)
where α ≈ 0.9. Onions et al. (2012) & Knebe et al. (2013b) found
that different finders recover the same cumulative subhalo mass
function with a scatter of 20 − 30% and individual substructures
with a scatter of ∼ 3%.
This figure shows that, despite differences in how substruc-
tures are identified, these algorithms give similar mass functions.
Nevertheless, there are some key differences. S-TRACKER identi-
fies significantly more substructures but most of these structures
are composed of 6 100 particles. A careful visual inspection of
these excess substructures indicates that most are best described
as unbound collections of shells or clouds of particles, often resid-
ing in another subhalo as discussed previously. Both ROCKSTAR
& HOT6D find significantly more substructures than VELOCIraptor
at low particle numbers, but many of these structures appear to be
numerical artefacts (see Fig. 3).
There are also a few differences at the high mass end. Here
subhaloes containing completely disrupted subsubstructures have
larger masses in the non-tracking codes since these codes cannot
separate the subsubstructure from the background substructure and
we only allow particles to belong to one substructure (see discus-
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sion in §4.3). There are also several tidal debris substructures in the
S-TRACKER catalogue not recovered by the other finders as they
have effectively phase-mixed with the background.
Finally, numerous studies show that the differential subhalo
mass function has a power-law index that is α < 1 but what about
the substructure mass function? A power-law of one is a special
case where the mass in substructures is logarithmically divergent
when extrapolated to arbitrarily small masses. The divergence can-
not occur physically as a sharp cut-off in the halo mass spectrum is
expected at the thermal dark matter free-streaming scale. Such an
index would imply that there is in fact no smooth halo and all of the
mass is contained in dynamically distinct substructures down to the
free stream scale of dark matter, where structures are composed of
the fundamental dark matter streams (Vogelsberger & White 2011;
Abel et al. 2012).
In the lower panel of Fig. 8, we plot the mass weighted dif-
ferential specially to explore this issue. The data is too noisy to
make conclusive statements but we do see that the S-TRACKER dif-
ferential substructure mass function appears to be flatter than the
differential subhalo mass function. Unfortunately, given the reso-
lution of A-4, we cannot comment on the degree of change. These
results, along with those of Maciejewski et al. (2011), indicate that
mergers and tidal disruption modify the substructure distribution in
such a fashion as to flatten the mass function.
5.2 Velocity dispersion and distinguishing between streams
and clouds
The ambiguity of defining an edge for (sub)haloes meansMS is not
the ideal quantity for characterizing the the subhalo distribution.
The situation is even worse when one includes tidal debris. The re-
covery of tidal debris is patchy. An excellent example is shown in
in the bottom right panel of Fig. 7, where the subhalo undergoing
tidal disruption in the S-TRACKER catalogue is split into two groups
by a non-tracking code. For (sub)haloes, a more physically mean-
ingful quantity commonly used is the maximum circular velocity,
V 2max = GM/Rmax, which is observable and contains dynamical
information. Vmax is also less prone to scatter (. 1% &∼ 10% for
individual substructures and the full cumulative distribution respec-
tively, see Knebe et al. 2013b). However, for completely disrupted,
aspherical substructures, it is not a physically meaningful quantity.
The velocity dispersion fortunately meets these criteria.
Structures in virial equilibrium have velocity dispersions
which depend on the enclosed dynamical mass, i.e. σ2 ∝ M/r.
Specifically, one can show for a spherical system using the Jeans
equation that the local radial velocity dispersion at a radius r is
σ2r(r) =
3Vc(r)
2
5 d ln ρ
d ln r
− 2 d lnQ
d ln r
+ 6β(r)
, (10)
where Vc(r)2 = GM(r)/r is the circular velocity, Q ≡ ρ/σ3
is the pseudo-phase-space density (e.g Taylor & Navarro 2001;
Ludlow et al. 2010) and β ≡ 1 − (σ2θ + σ2φ)/2σ2r is the
anisotropy parameter. Assuming the physical and pseudo-phase-
space density profiles are power laws, γ ≡ −d ln ρ/d ln r and
α ≡ −d lnQ/d ln r, with minimal dependence on r, one can show
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Figure 9. The relation between velocity dispersions and mass. We show the
quantiles of the distribution in logarithmically spaced mass bins categorized
according to morphological type (filled points and error bars denote the
same quantiles shown in Fig. 3). Here intact subhaloes are shown by (black)
circles and dotted lines, subhaloes with tidal features by (red) squares and
dotted lines, tidal streams by (blue) stars and solid lines, and clouds by
(green) diamonds and dashed lines. We also plot the individual data points
using small open markers. Finally, we also plot a fit to the Tsub & T subtid
data (solid black line).
that the average velocity dispersion in a sphere of radius R is
σ2r(R) =
∫
ρ(r)σ2r(r)r
2dr∫
ρ(r)r2dr
,
=
3GM(R)
2R(5− 2γ)
[
1
2α+ 6β − 5γ
]
,
=
3V 2c (R)
(5− 2γ)
[
1
2α+ 6β − 5γ
]
. (11)
For spherical (sub)haloes with NFW density profiles, this is a rea-
sonable approximation as α ≈ 1.875 and γ slowly increases mono-
tonically from 1 in the inner regions to 3 in the outer regions. In
© 0000 RAS, MNRAS 000, 000–000
Streams Going Notts 15
this case this dispersion peaks at the same radius as the rotation
curve, ≈ 2rs, the NFW scale radius. This radius, R20, also en-
closes ∼ 20% of the mass, assuming the (sub)halo is truncated at
M200.
Unfortunately, we are not dealing with spherically symmet-
ric subhaloes but triaxial subhaloes and physically extended tidal
debris. We therefore calculate the velocity dispersion tensor using
the inner 20% of the particles, the same region that is used to cal-
culate the centre-of-mass, using a bi-weight estimator. By using a
small volume centred on the densest and most bound part of a sub-
structure, we minimize the contribution of orbital gradients and the
tidally heated regions of the substructure. The bi-weight estimator
also reduces the estimator’s sensitivity to outliers. The dispersion
tensor accounts for the triaxiality. Here we focus on the maximum
& minimum dispersions σ2max & σ2min of the tensor within R20.
We explore the correlation of the central velocity dispersion
with the dynamical mass of subhaloes, whether they are intact or
they are dominated by tidal features in Fig. 9. Note that here we
plot these quantities for the S-TRACKER catalogue only. We see
that σ2max & σ2min of Tsub and T
sub
tid substructures are strongly cor-
related with the current dynamical mass, with Pearson coefficient
of ≈ 0.94. A fit to the data, log σ2 = A+ α log(MS/MH), yields
α = 0.66±0.09 and 0.86±0.09 for the largest and smallest veloc-
ity dispersions respectively. Even for substructures with fE ≈ 0.5,
that is predominantly unbound, the velocity dispersion is a useful
proxy for the total dynamical mass. The scatter here arise in part
due to the inherent scatter in triaxiality of velocity ellipsoid and the
radius at which the rotation curve peaks relative to the substruc-
tures virial radius, which are related to the observed scatter in the
density concentration parameter and the triaxiality of haloes (see
for instance Maccio` et al. 2007; Neto et al. 2007).
The picture is more complicated for tidal debris. As a sub-
halo orbits its host, particles outside the tidal radius become un-
bound. The tidal radius of a subhalo with mass MS at a distance
R from the host’s centre-of-mass with a velocity V is rtid ∼
R [MS/MH(R)]
1/3. Unbound particles originating from a progen-
itor subhalo will be spread in configuration and velocity-space on
scales of rtid and the dispersion at that radius, where the frac-
tional spread of these particles is approximately equal in both space
and velocity (see Binney & Tremaine 2008; Helmi & White 1999;
Tremaine 1999 for discussion in spread in angle-action space, and
Knebe et al. 2005 for a discussion in the spread of integrals-of-
motion space inferred from cosmological simulations). For ellip-
tical orbits in a constant spherical potential, these particles will
spread along the orbital plane of the subhalo while the width and
dispersion orthogonal to the orbital plane remain roughly constant
(e.g. Helmi & White 1999; Johnston et al. 2001). The evolution of
the physical and velocity dispersions parallel to the orbital plane
within a region is not as clear as the measured dispersion will con-
tain contributions from orbital gradients.
This picture is complicated by the fact that in our cosmo-
logical simulations, the potential is not constant, nor spherical
and subhaloes have a variety of orbits, resulting in many forms
of tidal debris, from shells or clouds (see for instance, Johnston
et al. 2008, who studied the properties in non-cosmological simu-
lations of spherical subhaloes falling into a time-dependent poten-
tial containing a bulge, disk and spherical halo, and Warnick et al.
2008, who examine tidal debris in fully cosmological simulations).
Amorphous clouds of tidal debris will have high inferred velocity
dispersions that are no longer correlated to their mass as these struc-
tures are phase-mixing with the background. However, stream-like
substructures should have velocity dispersions orthogonal to their
orbital plane that have not been significantly heated and lie near the
line defined by subhaloes.
To examine whether streams follow the velocity dispersion re-
lation of subhaloes but shells/clouds do not, we sub-classify tidal
debris into stream-like and cloud-like morphologies. A substruc-
ture is considered to have a cloudy morphology if s > ssub or
sv > sv,sub. Using this classification scheme, the S-TRACKER tidal
debris substructures are split into 247 (27%) stream-like substruc-
tures and 667 (73%) cloud-like substructures.
The dispersions of this tidal debris are also plotted in Fig. 9.
This figure also shows that the dynamical state greatly affects this
correlation. Tidal debris that does not appear stream like, i.e. well
confined to an orbital plane with small s & sv values, are signif-
icantly hotter, exhibit greater scatter and do not follow the sub-
halo correlation. These high dispersions indicate that these struc-
tures have evolved under the influence of the host halo’s tidal field
for several dynamical times. Their amorphous morphologies and
high dispersions is why it is difficult to recovery these substructures
without using temporal information (see discussion in §4.3.2).
However, stream-like substructures do follow the minimum
dispersion correlation observed for subhaloes, indicating that this
quantity is still a useful proxy for mass. The larger velocity dis-
persion shows significantly more scatter due to the stretching of
the substructure along the orbital plane. There are several outliers
that are classified using this scheme as stream-like substructures
with dispersions that are a factor of 10− 100 times higher than the
subhalo prediction, indicating either that our classification scheme
is not perfect or that these stream-like substructures have been in
heated in some way, such as by a close encounter with another sub-
structure.
Now we turn our attention to the prediction for the dispersion
distribution from our cosmological simulation. We remove cloudy
tidal debris, which has begun to phase mix with the background and
does not a physically meaningful velocity dispersion, and plot the
cumulative distribution in Fig. 10 for all finders. This distribution
like that of the mass function can be characterised by a power-law,
specifically the differential distribution is
dn
(
σ2min,S/σ
2
min,H
)
d
(
σ2min,S/σ
2
min,H
) ∝ (σ2min,S/σ2min,H)−ασ , (12)
where σ2min,H is the host’s haloes central velocity dispersion.
Based on the relation seen in Fig. 9 and the power-law of the mass
function α ≈ 0.9, we expect ασ ≈ 0.78. This prediction is in
good agreement with the data. However, the scatter between the
individual finders is quite large, of the order of 20%, with large
differences at the high dispersion (or mass) end, similar to what is
seen in Fig. 8.
5.3 Radial distribution
Bound subhaloes are more likely to reside in the outskirts of a halo
and, although the number density does increase towards the centre,
it does so more slowly than the underlying dark matter density (e.g.
Ghigna et al. 1998; Gill et al. 2004; Gao et al. 2004; Diemand et al.
2004, 2007; Springel et al. 2008). This radial distribution does not
depend strongly on the algorithm used to identify the subhalo (cf
Fig. 7 in Onions et al. 2012)3. Springel et al. (2008) found that the
3 The most pronounced differences between phase-space finders and
configuration-space finders occur in the central region where configuration-
space finders, such as SUBFIND or AHF, will tend to miss subhaloes due
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Figure 10. The cumulative velocity dispersion distribution of substructures
(top panel) along with the fractional residuals relative to the mean from all
the algorithms (bottom panel). We also plot a power-law prediction with
ασ = 0.78. Line and colour scheme are the same as in Fig. 8.
differential number density of subhaloes is well characterised by an
Einasto profile, that is
dn(r)
dr
= A exp {(−2/αEin) [(r/r−2)αEin − 1]} , (13)
where αEin is the shape parameter and r−2 is the scale radius. We
examine the radial substructure distribution via the number density
in a spherical volume n(RS < r) ≡ (r3/3)−1
∫
r2(dn(r)/dr)dr,
and the differences with respect to the subhalo distribution in
Fig. 11.
This figure shows that the substructure number density within
a radius r decreases monotonically with increasing radius but does
so at a slower rate than the subhalo distribution. The most pro-
nounced difference between the substructure and subhalo distri-
bution occurs within the central ∼ 50 kpc, that is within ∼ 1 − 2
times the radius at which the maximum circular velocity is reached.
The subhalo distribution levels off, whereas the substructure distri-
bution continues to increase and has a power-law form. The algo-
rithms do not reproduce the same power-law index, S-TRACKER
having the steepest slope and greatest number density followed
by VELOCIraptor, ROCKSTAR, and HOT6D. Outside the central re-
gion, all the algorithms have the same shape though the normal-
isation differs by ∼ 20% as shown by the fact that the residuals
at r > 100 kpc are effectively flat. This outer region does not the
same logarithmic slope as the subhalo number density. The large
offset between S-TRACKER and the other algorithms can be ac-
count for by the presence of disrupted substructures with cloud-
like morphologies that occupy the same phase-space volume as an-
other bound subhalo in the S-TRACKER catalogue (see discussion
on Fig. 3 and §5.2).
to the low density contrast between the substructure and the background
(Muldrew et al. 2011)
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Figure 11. The number density of substructures with centre-of-masses ly-
ing within a sphere of radius RS < r for each algorithm (top panel) and
the fractional residuals from the mean (bottom panel). We show in the top
panel the subhalo distribution (solid black) and an Einasto fit to this distri-
bution (solid gray), and a fit from Springel et al. (2008) based on the highest
resolution A-1 halo with αEin = 0.678 and r−2 = 199 kpc normalised
to the mean substructure number density at r−2 (dashed gray). Line and
colour scheme are the same as in Fig. 8. For reference, we also show the
halo’s average density, ρ¯(r) ≡ M(r)/(4pir3/3), normalized to the mean
substructure number density at the edge of the halo (dashed black line).
The significant spike in the substructure number density rel-
ative to the subhalo distribution in the central region is due to the
increasing tidal disruption rate of substructures. Figure 12 clearly
shows that the fraction of bound mass in a substructure relative to
the mass that is dynamically associated with it, fE , jumps from
about zero to ∼ 0.7 outside a radius of 50 kpc for S-TRACKER, the
catalogue containing no false positives, and VELOCIraptor. Both of
these algorithms have a pronounced power-law component in the
central 50 kpc. ROCKSTAR also has a jump in fE going from the
central most bin to the next but the change is not as pronounced as
is the slope of the central power-law component in Fig. 11. HOT6D
is the only algorithm which displays counter-intuitive distribution,
with fE decreasing with increasing radius, indicating that the algo-
rithm in its current state becomes progressively worse at identifying
tidal debris in the high density regions of a halo.
The agreement between S-TRACKER and VELOCIraptor sug-
gests that VELOCIraptor has the highest efficiency in disentangling
substructure in the dense central regions of a halo. However, the
trends in Fig. 11 are not necessarily a result of one algorithm being
more conservative than another, the sensitivity of a finder to noise
also plays a role. VELOCIraptor probably performs the best here
because it is by construction maximally sensitive to the velocity
component, whereas ROCKSTAR and HOT6D always attempt to use
some spatial information, which has a lower signal-to-noise.
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Figure 12. Median and quantiles of the bound mass fraction of substruc-
tures as a function of radius. Line and colour scheme is the same as in
Fig. 8, and markers for S-TRACKER, VELOCIraptor, ROCKSTAR, HOT6D
are circles, triangles, stars, and diamonds respectively.
6 SUMMARY
We set out to examine the full substructure distribution in a dark
matter halo and analyse how well (sub)structure finders that use
phase-space information compare with one that also uses temporal
information. Recall that substructures includes subhaloes, which
are a completely self-bound, along with unbound tidal debris. We
find excellent agreement between finders regarding pure subhaloes
and subhaloes with moderate tidal features, even down to substruc-
tures composed of a few tens of particles. Most importantly, all the
non-tracking substructure finders are capable of identifying com-
pletely unbound tidal debris with a purity of ∼ 40%. Few tidal de-
bris substructures are missed, though all three non-tracking codes
appear to identify spurious tidal debris substructures, comprising
∼ 25% of all the tidal debris substructures found, with HOT6D hav-
ing highest fraction of 38% possibly due to the noise in the local
phase-space metric used by this finder.
The algorithms also give similar substructure distributions.
First, all algorithms show that, not surprisingly, most subhaloes
have pronounced tidal features. The fraction of the host halo’s mass
in substructures is significantly higher that bound in subhaloes, in-
creasing by almost a factor of two from ≈ 10% to ≈ 18%, with
many of these substructures being completely disrupted.
The mass function does not show any significant variations
in shape depending on the algorithm used. The substructure mass
function appears to be slightly steeper than the subhalo mass func-
tion, though at the resolution used in this study it is not possible
to make any conclusive statements. However, combined with the
results of Maciejewski et al. (2011), we argue that tidal disruption
and mergers flattens the distribution. The slope of the substructure
distribution suggests that the halo is composed of dynamically dis-
tinct substructures all the way down to the bottom of the Cold Dark
Matter hierarchy.
The mass function, though often studied, does not lend itself
to direct comparison with observations, thus we turn to the veloc-
ity dispersion, which is a good proxy for mass and is an observ-
able quantity. The velocity dispersion distribution recovered by the
finders are similar, differing by ≈ 10 − 20%. Amongst the non-
tracking codes, VELOCIraptor’s distribution has the smallest differ-
ence with prediction based on the substructure mass function and
S-TRACKER’s distribution.
The inclusion of tidal debris significantly alters the radial sub-
structure distribution when compared the subhalo one. Outside the
radius at which the halo’s rotation curve peaks, the substructure
number density is similar to Einasto profile describing the sub-
halo number density. Inside this radius the number density is dom-
inated by an additional power-law component. Though all the find-
ers have similar shapes for the radial distribution outside the centre,
the slope of the power-law component differs greatly. The track-
ing code displays the steepest slope and the highest central number
density, followed by VELOCIraptor, ROCKSTAR, and HOT6D. This
drastic change in the radial distribution is mirrored by the signif-
icant drop in the self-bound mass of substructures. Subhaloes are
efficiently tidally stripped in this region. This result does not con-
tradict the findings of Onions et al. (2012), who found that phase-
space finders did not fair significantly better than configuration-
space finders at identifying subhaloes in the central regions. The
“negligible” improvement observed is due to the fact that though
there are substructures present, effectively none are self-bound at
the resolution studied. With improving resolution and the cumula-
tive effect of missing one subhalo in the centre will lead to com-
pletely different two-point correlation functions, making this bias
quite significant in the end.
7 DISCUSSION & CONCLUSION
In this paper, we set out to determine how well substructures find-
ers can recover tidal debris without the need to track particles. This
study is a follow-up to the Haloes Gone Mad (Knebe et al. 2011a),
Subhaloes Going Notts (Onions et al. 2012), and Galaxies Going
Mad (Knebe et al. 2013a) comparison projects. The motivation for
this comparison study is two-fold. The hierarchical paradigm of
structure formation predicts that dark matter haloes are littered with
the remnants of disrupted subhaloes. Disrupted dark matter sub-
haloes may leave signatures that could be detected by direct dark
matter detectors as these experiments are sensitive to the local ve-
locity distribution. Though the subhalo distribution has been well
studied, the full substructure distribution has not. Additionally, up-
coming large simulations will include built-in finders and may not
store enough snapshot to accurately track tidally disrupted objects,
thus requiring finders capable of detecting unbound substructures.
Second, observations demonstrate that galaxies do not have
quiet lives, as shown by disrupted satellite galaxies such as the
Sagittarius stream (e.g. Ibata et al. 2001; Belokurov et al. 2006).
Upcoming missions like GAIA will find even more examples of
murdered satellites. Yet the study of tidal debris in regards to Galac-
tic Archaeology and Near Field Cosmology is still in its infancy.
Searching for tidal debris in the GAIA data set requires the devel-
opment of new tools as one cannot simply follow the orbital evo-
lution of “stars” (particles) to identify tidal debris as is often done
with numerical simulations. Hence an understanding of how well
substructure finders which solely use phase-space information is
sorely needed as these tools could be applied directly to observa-
tional data.
We conclude that several currently available substructure find-
ers can correctly identify tidal debris and the tidal features asso-
ciated with subhaloes in fully cosmological simulations without
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the need for temporal information. Based on the cross-matching
of individual substructures and a comparison of the observed sub-
structure distributions, we argue the most promising non-tracking
methods tested here are VELOCIraptor and ROCKSTAR. We find
all non-tracking algorithms identify tidal features associated with
tidally disrupted subhaloes with a high degree of purity, ∼ 85%.
The purity of completely unbound substructures is worse at∼ 40%
and there also is a non-negligible fraction of spurious tidal debris
substructures. Though our tests conclusively show that these algo-
rithms work reasonably well given the difficult challenge of identi-
fying completely unbound dark matter substructures, there are sev-
eral shortcomings we do not address. The complex and diffuse na-
ture of tidal debris means that non-tracking codes may split a sin-
gle structure into several groups, biasing the number distribution.
One possible method of accurately merging patches of a stream
would be to estimate the elliptical orbit of each patch and deter-
mine the likelihood that two or more “streams” have the same or-
bit and similar velocity dispersions. Finally, the tracking code will
continue to follow dark matter substructures that appear to have ef-
fectively phase-mixed with the background that are missed by the
non-tracking finders. This may not be a serious limitation as many
of these objects were completely disrupted more than several Gyrs
ago. Whether these objects should be considered distinct substruc-
tures or not and determining the time-scale over which a substruc-
ture completely phase-mixes is an open question and is beyond the
scope of this study.
We have also shown that a significant fraction of a halo’s mass
is in tidal debris, similar to the amount of mass in subhaloes. We
have only scratched the surface of the information that can be re-
trieved from tidal debris and the tidal features surrounding sub-
haloes in this paper. For example, semi-analytic models of galaxy
formation (SAM) use halo merger trees and the current mass of a
(sub)halo to determine the galaxy that resides in said (sub)halo (e.g.
Benson et al. 2011; Guo et al. 2011). Using the algorithms tested
here would allow these models to include the dynamical state of
the substructure to alter the galaxy residing in the substructure by
accounting for for stellar and gas mass loss, and study the forma-
tion of the main galaxy’s stellar halo. Currently, the few theoretical
studies examining the formation of our Galaxy’s stellar halo use
semi-analytic models to “paint” stars on a dark matter only simu-
lation and evolve this simulation forward in time (e.g Cooper et al.
2010; Helmi et al. 2011), which is significantly more computation-
ally intensive that just using a SAM and certainly prone to limita-
tions as shown by Libeskind et al. (2011).
Another application for these algorithms is in the study of
tidally disrupted satellites like the Sagittarius stream and the Or-
phan stream. The properties of these stellar streams have been used
to infer the potential of our Galaxy (e.g. Pen˜arrubia et al. 2005,
2006; Law & Majewski 2010; Koposov et al. 2010; Deg & Widrow
2013) and could be used to test gravity (e.g. Pen˜arrubia et al. 2012)
or search for unseen dark matter subhaloes (e.g. Yoon et al. 2011).
Typically, these studies examine the velocities and positions of stars
in the stream and compare them to simple numerical simulations or
models which assume a constant or slowly evolving host potential
and neglect the interactions between satellites or substructure in the
satellite itself. In cases such as the GD-1 stream, satellite-satellite
interactions are probably negligible since the stream is extremely
narrow (e.g. Koposov et al. 2010), though in general this will not be
the case. Streams are not the only tidal debris which can be used to
study either models of the Milky Way or different forms of gravity.
Sanderson & Helmi (2012) showed that the radial density profiles
of shell-like tidal debris in simple toy models can be used to infer
the radial gravitational potential at the radial position of the shell.
A more complete understanding of the distribution of tidal debris
and the effects of satellite interactions on them from cosmological
simulations would be invaluable to these studies.
We conclude that these algorithms will open up a new win-
dow on galaxy formation by allowing us to study a halo’s merger
history in more detail using the complete substructure distribution
and directly search observational data from future missions such as
GAIA for the remnants of tidally disrupted satellite galaxies.
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